At fast and superfast spreading mid-ocean ridges, such as the East Pacific Rise, a plate boundary is defined by a narrow (tens to hundreds of meters wide) neovolcanic zone within which the bulk of the upper oceanic crust is created. However, detailed near-bottom observations indicate that the volcanic construction may occasionally persist several kilometers off of the ridge axis. It has been proposed that off-axis volcanism manifests tapping of a wide melting region that supplies magma to the ridge axis, or spatial migration of magmatic sources in the crust and upper mantle. We demonstrate that off-axis eruptions may be a natural consequence of variations in magma supply rate even if the ridge axis is stationary in space, and the magma delivery is perfectly focussed at the ridge axis. Theoretical modeling and field observations indicate that off-axis volcanism may result from magma emplacement in sills that propagate toward the surface after their characteristic horizontal size exceeds their emplacement depth. Volcanic construction and faulting due to sill intrusions may contribute to the formation of abyssal hills, arguably the most abundant relief form on Earth. ß
Introduction
At the fast spreading East Paci¢c Rise (EPR), most of the upper oceanic crust is accreted in a relatively narrow (several tens to several hundreds of meters wide) neovolcanic zone, as inferred from the sea£oor morphology [1, 2] , hydrothermal activity [3, 4] , and lava geochemistry [5, 6] . Geomorphic expression of the neovolcanic zone approximately coincides with the lateral extent of a shallow magma lens beneath the ridge axis. Seismic imaging of the sub-axial magma lens suggests that the latter resides at depth of V1^2 km below the sea£oor, and is about 1^2 km wide, and a few tens to a few hundreds of meters thick [7^9] . The shallow magma lens is believed to be a primary source of basalts comprising the upper oceanic crust at the fast spreading mid-ocean ridges (e.g., [10] ).
While it is generally accepted that the axial neovolcanic zone is the main locus of magmatic construction at the EPR, detailed ocean £oor surveys including visual observations from submersibles and rock sampling along the northern EPR reveal that volcanic activity may sometimes occur several kilometers from the ridge axis. The inferred o¡-axis volcanic activity is expressed in younglooking lava ¢elds and conspicuous pillow ridges and mounds [2, 6] that can be several tens of meters high and are often associated with fault scarps and ¢ssure swarms [11] . The usual absence of pillow ridges in the axial crest area suggests that they are autochthonous volcanic features, and are not simply transported laterally from the neovolcanic zone via plate spreading. The o¡-axis origin of pillow ridges and`disconformant' lava £ows is corroborated by their asymmetry with respect to the axial neovolcanic zone [6] , radioisotope dating [12] , geochemical dissimilarity to the on-axis lavas [6, 13] , and near-bottom gravity measurements that have been interpreted as indicating the presence of underlying feeder conduits [14] . These observations are not readily explained by the existing models of crustal accretion at spreading centers. It has been proposed that the o¡-axis volcanism may manifest occasional leaking' of melt from a wide production area beneath the ridge axis [13, 15] , a spatial migration of regions of transient magma accumulation in the crust or upper mantle [6, 11] , or tapping of the edges of the shallow magma lens [6] . If so, particular physical mechanisms that might be responsible for the observed eruptive behavior (for example, the onset and cessation of the o¡-axis volcanism within several kilometers of the ridge axis, apparent association of eruption sites with faulting, etc.) remain enigmatic.
Near-axis faulting and volcanic construction are thought to be the cause of undulations of the sea£oor topography that extend parallel to the ridge axis with an average spacing of a few kilometers in the ridge spreading direction [1, 16] . These topographic undulations (known as`abyssal hills') cover virtually all of the ocean £oor, and are arguably the most abundant relief form on Earth [17] . Ever since the discovery of abyssal hills their origin has been a subject of considerable debate. Proposed models for the development of abyssal hills include o¡-axis faulting, episodic on-or o¡-axis volcanism, or some combination of these (for a summary, see, e.g., [17] ). Morphologically, abyssal hills are de¢ned by steep slopes that are interpreted as inwardand outward-dipping normal faults [1, 17] . Inward-dipping normal faults are ubiquitous on slow spreading mid-ocean ridges, where they accommodate up to 10^20% of extension associated with plate spreading [18, 19] . Outward-dipping normal faults are, however, almost unique to fast and intermediate spreading ridges. Establishing their origin is essential for understanding the formation of the abyssal hills. It has been suggested that outward-dipping faults can form at fast spreading ridges because of a less dramatic thickening of the brittle layer away from the ridge axis compared to slow spreading ridges [20, 21] . However, it is unclear whether the reduced variability in the thickness of the brittle layer at high spreading rates is su¤cient to favor the formation of both inward-and outward-dipping faults. Detailed modeling of the near-axis thermal regime suggests that the rate at which the brittle layer thickens o¡-axis may not be very di¡erent at fast and slow spreading ridges (e.g., [22] ). In addition, a signi¢cant horizontal extension (i.e., capable of producing large-scale normal faulting) near the ridge axis is not easily reconciled with a robust magma supply and the presence of a steady-state melt reservoir at the fast spreading mid-ocean ridges. This is because a readily available melt in a sub-axial magma lens likely ensures that the stress state in the adjacent brittle crust is close to lithostatic [23, 24] . Measurements of throw on normal faults indicate that the outward-dipping faults form quite close to the ridge axis [17, 25] . These arguments suggest that models of formation of abyssal hills that appeal to o¡-axis normal faulting due to tectonic extension alone may need to be revised.
We propose that many of the observed morphologic features at fast spreading mid-ocean ridges (in particular, the o¡-axis faulting and eruptions) may result from episodic emplacement of magma sills (i.e., sub-horizontal sheet intrusions) beneath the ridge axis. While it is well established that magma transport in the upper brittle crust is predominantly sub-vertical and accommodated by dike intrusions (e.g., [19, 26] ), sporadic increases in magma supply to the ridge axis may temporarily overwhelm the far-¢eld ex-tensional stress ¢eld imposed by plate separation [27] . In this case, repeated dike injections are expected to reset the least compressive stress in the upper crust from horizontal to vertical, and continued magma supply may favor subsequent magma intrusions in sills. Sills might form in the result of lateral`break-outs' of a shallow magma lens, or magma emplacement in horizontal sheets at deeper levels in the crust. While a complete understanding of the physical processes governing magma intrusions in horizontal sheets beneath the ridge axis is still lacking, ¢eld observations (in particular, in the Oman ophiolite, which is thought to be a fossil analog of a fast spreading ridge [28] ) suggest that sill intrusions in the middle to lower oceanic crust may be a highly nonunique phenomenon [27, 28] . Because horizontal intrusions may play an important role in the accretion of the middle and lower oceanic crust, it is instructive to consider mechanical aspects and consequences of magma propagation in sills.
Theoretical modeling and observations of climbing sills
Large aspect ratios of ma¢c dikes and sills, as well as short time scales associated with their formation allows one to treat them as £uid-pressurized cracks in an elastic medium [29^31]. The theory of £uid-¢lled cracks in an in¢nite elastic body is well established [29, 32, 33] . Assuming a lithostatic stress state, a sill is expected to propagate in its own plane by hydraulically fracturing the host rocks. However, as the half-length of the sill L becomes comparable to and exceeds the sill emplacement depth H, the intrusion will increasingly interact with the free surface (i.e., the ocean £oor) [34^36]. The e¡ects of such an interaction are twofold. First, an increase in the intrusion size-to-depth ratio L/H concentrates deformation in the intrusion roof. Second, stress perturbations due to the presence of the free surface may cause the sill to rotate its propagation trajectory and turn toward the surface. Fig. 1 shows a rotation of the maximum tensile stress at the intrusion tip as predicted by analytic models of horizontal magma-¢lled cracks [35, 36] . Results shown in Fig. 1 correspond to a uniformly pressurized penny-shaped crack in an isotropic elastic halfspace. The stress rotation at the tip of a two-dimensional (2-D) plain strain crack (e.g., corresponding to a sub-axial magma lens having along-axis extent that greatly exceeds its acrossaxis size) is similar to that shown in Fig. 1 [37] . Available analytic solutions correspond to planar cracks, and they become inapplicable when a crack starts to deviate from its original plane. To calculate the actual trajectory of a magmadriven sill and the concomitant perturbations in the large-scale stress ¢eld, the sill growth is simulated using a boundary element model that explicitly accounts for the e¡ects of the free surface [38, 39] .
In the models presented below, a 2-D magmadriven crack is approximated by a number of dislocations (displacement discontinuities) that on average satisfy prescribed stress boundary conditions at the crack surface [24, 39] . The crack growth is simulated by adding boundary elements at the crack tip in a direction that maximizes tensile stresses resolved on a prospective crack increment. Because of the linearity of the governing equations of theory of elasticity, the crack trajectory is calculated using only stress perturbations due to the excess magma pressure (i.e., total stress minus lithostatic stress). For simplicity, viscous pressure losses associated with magma £ow inside Fig. 1 . Orientation of the maximum tensile stress c max at the tip of a uniformly pressurized circular crack as a function of the crack length-to-depth ratio L/H. a max is the angle between the crack plane and the plane along which the maximum tensile stress c max is acting.
the crack [29, 31] , thermal e¡ects [26] , and details of inelastic failure at the crack tip [39] are neglected. The sill growth is considered as a sequence of equilibrium states in which magma completely comes to rest. Note that because our calculations are time-independent, the results are insensitive to variations in magma viscosity and crystal content, as long as the magma is su¤ciently mobile on a timescale of the intrusion emplacement. Magmas having crystal contents of less than about 30% are likely to satisfy the latter requirement (e.g., [10] ). The ambient stress is assumed to be lithostatic, with the vertical component of stress gradient of 28 MPa/km, and the excess magma pressure inside a sill is hydrostatic, and equals 8 MPa. Above the depth of 1 km the excess magma pressure is assumed to linearly decrease with depth to 0 MPa at the sea£oor to mimic the e¡ects of negative magma buoyancy in the uppermost crust [40] . Fig. 2 shows the calculated sill trajectory for an initial emplacement depth of 2 km. The boundary element size (which de¢nes the intrusion increment size) used in the calculations is 10 m, and the initial intrusion length is 100 m. As one might expect, the sill continues to propagate horizontally when its half-length L is small compared to its depth H. For L/H s 1, however, the sill begins to turn toward the surface (Fig. 2a) . Because the free surface ampli¢es the stress concentration at the crack tip and increases the crack aperture behind the tip [34] , one may anticipate that at this point the sill growth may become essentially asymmetric (e.g., a statistically longer sill arm is likely to`win out', and preferentially propagate toward the surface). In the model shown in Fig.  2 , the left sill tip is`frozen' as the intrusion reaches the ratio L/H = 1. Continued sill propagation at the other end ultimately results in aǹ eruption' at a distance of about three times the initial emplacement depth (Fig. 2c) . The calculated dip angle of the intrusion is in a good agreement with predictions of analytic models for a horizontal £uid-¢lled crack ( [34, 41] , Fig. 1 ). We point out that if the host rocks deform essentially elastically, our solution is self-similar. That is, given an arbitrary emplacement depth, the intrusion geometry can be inferred from Fig. 2 by simple linear rescaling of the vertical and horizontal axes. In the absence of inelastic deformation o¡ of the sill plane, the sill propagation trajectory is also independent of the absolute value of the excess magma pressure. Several factors may cause deviation of the actual propagation path of a sill from calculations shown in Fig. 2 . For example, the presence of a transverse anisotropy of the host rock strength may stabilize the sill growth in its own plane, while a corresponding vertical anisotropy (e.g., in a sheeted dike section) may enhance the tendency for turning toward the surface. Climb angles of sills that are steeper than those predicted by Figs. 1 and 2 may also result from sill propagation into a region of an increasing horizontal extension (e.g., due to plate cooling and contraction), and non-uniform magma pressure distribution inside the sill (e.g., due to a viscous £ow of magma) [34] .
That the sill emplacement may give rise to a sub-vertical magma transport has been known from ¢eld observations for a long time. In continental settings, the tendency of large sills to produce`saucer-like shapes' or`peripheral dikes' is well documented [42, 43] . de Voogd et al. [44] interpret seismic re£ection data from the Death Valley, California (USA), as indicating a sill-like magma body that propagated toward the Earth surface at a moderately dipping angle from depth of about 15 km, and fed a surface eruption. Ample empirical evidence for curving of initially horizontal £uid-driven cracks toward the Earth surface is also lent by experimental and industrial hydrofractures [34, 45] . Fig. 3 shows one example from the Troodos ophiolite (Cyprus) of a tabular magma intrusion cutting at a low angle through shallow volcanic rocks (lava £ows and pillows). The preserved horizontal layering of the shallow volcanics indicates that the dipping magma intrusion is in its original emplacement position. The overall similarity between the results of theoretical modeling (Fig. 2c) and the gently dipping intrusion in Fig. 3 indicates that the latter may represent a near-surface exposure of a climbing sill.
Discussion
The model shown in Fig. 2 may explain several peculiar features of the o¡-axis volcanism at the EPR. First, the model predicts that the onset of the o¡-axis volcanic activity is controlled by the sill emplacement depth. At the EPR, most of the o¡-axis volcanism occurs within several kilometers from the ridge axis [2, 6, 46] . This is consistent with sill emplacement at depths corresponding to (or somewhat greater than) the depth of a sub-axial magma lens. Second, the model implies that essentially two-dimensional sills (i.e., sills having an along-axis extent that greatly exceeds their across-axis dimension, e.g., [47] ) may give rise to o¡-axis ¢ssure eruptions that might contribute to the formation of pillow ridges, while asymmetrically growing penny-like sills are likely to produce short (and perhaps arcuate) ¢ssures, and feed isolated lava £ows. Note that the asymmetry of eruptions with respect to the ridge axis is an intrinsic feature of the model that stems from a non-linear intrusion interaction with the free surface. Emplacement of climbing sills may also contribute to the observed o¡-axis increases in the thickness of the seismic layer 2A [48] .
Reston et al. [49] report observations of multiple re£ectors in the Cretaceous oceanic crust in the North-West Paci¢c that dip toward the inferred (paleo) ridge axis at low (20^30³) angles, and suggest that these re£ectors might represent lithological layering, or low-angle detachment faults in the lower and middle crust. However, the mechanics of either of the proposed processes is not understood. We point out that the geometry of crustal re£ectors imaged by seismic studies [49] is intriguingly similar to that of climbing sills, as predicted by theoretical models (Fig. 2) , and observed in the ¢eld (Fig. 3) . If the shallowly dipping re£ectors are of magmatic origin, acoustic impedance contrasts required to explain seismic re£ections might be due to chemical di¡erentia-tion (e.g., crystal settling) during magma crystallization within the intrusion, and/or subsequent hydrothermal alteration. Note that the emplacement and crystallization of sill-like magma bodies (`magmatic underplating') is believed to be a primary cause of high re£ectivity of the middle and lower continental crust (in particular, in active continental rift zones) (e.g., [50] ). Yet, it is unclear whether the required impedance contrasts may be produced in the oceanic crust in the result of emplacement of relatively thin sheet intrusions (e.g., having thickness of the order of several meters).
Lateral magma transport in sub-axial climbing sills has important implications for the the observed geochemical dissimilarity between the onaxis and o¡-axis lavas [6, 13] . In particular, compositional di¡erences between the on-and o¡-axis volcanics may be indicative of an incomplete mixing in a shallow magma lens during periods of an increased magma supply. More speci¢cally, o¡-axis eruptions of fractionated melts may result from magma withdrawal from distal ends of a shallow lens [6] during lateral break-outs. Alternatively, incomplete mixing of a newly arrived unfractionated magma may give rise to o¡-axis eruptions of more primitive melts. For individual sill intrusions occurring at greater depths (i.e., in the middle to lower crust), magmas that erupt o¡-axis may never enter the shallow sub-axial reservoir. Spiegelman and Reynolds [13] present evidence for the depleted signatures of basalts that erupted o¡-axis at the EPR at 12³N, and argue that this depletion is most consistent with models of a porous melt £ow in a passively upwelling viscous mantle. However, a possibility of lateral redistribution of melt in the upper brittle crust suggested by this study implies that shallow processes may be the controlling factor for the observed across-strike geochemical variations of the erupted basalts. The essentially non-steady nature of the processes that presumably give rise to the intrusion of sills beneath the ridge axis (e.g., episodic purging of the shallow magma lens during magmatic surges) may generate the complexity in geochemical signatures of the on-axis versus o¡-axis volcanics noted in several areas along the EPR [15] .
For sills that propagate toward the surface and erupt, magma withdrawal from the source will eventually result in sill de£ation and subsidence. This subsidence is likely to be accommodated along the established magma conduit, which may give rise to a deformation pattern that resembles inward-dipping normal faulting. Both inward-and outward-dipping normal faults may be produced during sill growth as a result of failure of the intrusion roof. Inelastic deformation of the host rocks predicted by our model for the excess magma pressure of 8 MPa (on a high end by theoretical estimates) is shown in Fig. 2 . Contours in Fig. 2 denote the ratio of shear stress to the e¡ective normal stress (i.e., the di¡erence between the normal stress and the hydrostatic pore pressure) resolved on planes that are optimally oriented for failure. Assuming a Mohr^Coulomb failure envelope, slip on optimally oriented planes is predicted when this ratio exceeds a coe¤cient of friction W (e.g., [51] ). Shear failure is expected to occur along one of the planes inclined at an angle (Z/23arctan W 31 )/2 with respect to the maximum compressive stress axis (see ticks in Fig. 2 ). The modeling results show that sill emplacement may give rise to outward-dipping or nearly vertical normal faults, given a su¤ciently high excess magma pressure. Increases in the deviatoric horizontal extension o¡ the ridge axis would require smaller excess magma pressure for sill-induced faulting. We point out that the large-scale shear deformation associated with growing sills is documented by ¢eld observations of the eroded intrusions in the continental crust [52] , and has been recently imaged by space geodetic observations in the Galapagos volcanoes [53] . The model shown in Fig. 2 is meant to demonstrate the overall qualitative behavior during sill intrusions, and it does not explicitly consider inelastic deformation. Faulting at the sill periphery may a¡ect the sill growth by modifying the near-tip stress ¢eld and reducing the excess magma pressure. A net e¡ect could be the intrusion propagation arrest. This implies that sill-fed eruptions might require su¤-ciently low excess magma pressures (i.e., to avoid peripheral faulting). For a given excess magma pressure, peripheral faulting is likely to be progressively suppressed for sill intrusions at greater depths, as the Mohr^Coulomb failure shear stress linearly increases with con¢ning pressure.
The faulting mechanism depicted in Fig. 2 (essentially, the sill-induced horst formation) provides an alternative to the commonly envisaged tectonic origin of the outward-dipping normal faults at the fast spreading mid-ocean ridges.
The onset of large-scale faulting at the EPR is quite sharp at 1^2 km from the axis [21] . This broadly agrees with the model prediction for the initiation of faulting at distances of the order of the sill depth (Fig. 2b) . The inferred decrease in the number of the outward-dipping faults with a decreasing spreading rate [21] is consistent with an overall decrease in the magma supply, disappearance of a steady-state subaxial magma lens, and a reduced frequency of magmatic surges [27] that render magma intrusion in sills unlikely. Our calculations (such as those illustrated in Fig. 2) show that sills having excess magma pressure of several megapascals and length of several kilometers will have thickness of the order of several meters. If sill-induced faulting plays a role in the formation of abyssal hills on the EPR, the observed throws on the near-axis faults of a few tens of meters [1, 17] might be produced by several generations of sill intrusions. Alternatively, the sill-induced faults might be re-activated in the presence of the o¡-axis deviatoric extension (e.g., during periods of decreased magma supply to the ridge axis). The o¡-axis extension may be a predominant mechanism for the growth of the inward-dipping faults, as evidenced by a continued development of the latter over distances of the order of several tens of kilometers away from the ridge axis [21] . The outward-dipping normal faults seem to accumulate most of their throw within a few kilometers from the ridge axis [17] , consistent with the mechanism discussed above, although recent observations around 8^10³N at the EPR indicate that both the inward-and outward-dipping faults may remain active within several tens of kilometers from the axis [25] . Therefore, the observed sea£oor topography may be a result of some complex interaction between magmatic construction, magma-induced deformation, and tectonic extension. An overall strain partitioning between`magmatic' and`tectonic' contributions to the nearaxis crustal deformation is an outstanding problem that needs to be addressed in a future work.
Conclusions
Field observations in ophiolite complexes demonstrate that magmatic accretion at the fast and intermediate spreading ridges may involve episodic intrusions of sills (horizontal magma sheets). Although particular physical mechanisms that give rise to sill emplacement beneath the ridge axis are not fully understood, observations and theoretical arguments suggest that the emplacement of horizontal magma intrusions may result from re-orientation of the least compressive stress from horizontal to vertical, e.g., during periods of an increased melt supply to the crust from the sub-axial source region. Numerical modeling of the sill growth in an elastic half-space under lithostatic stress conditions indicates that after reaching a length-to-depth ratio of the order of unity, sills no longer tend to propagate in their own planes, and are likely to climb to higher stratigraphic levels. This e¡ect is a result of the intrusion interaction with the stress-free surface (such as the ocean £oor). Given su¤cient magma supply, a continued sill propagation may give rise to magma eruptions at the o¡-axis distances of about three times the initial emplacement depth. This mechanism may be responsible for the observed manifestations of volcanism within several kilometers from the ridge axis at the EPR. Analysis of deformation associated with emplacement of large sills indicates that reasonable fracture criteria may be exceeded in the intrusion roof for the excess magma pressures of the order of several megapascals. The resulting failure and uplift of the overlying strata may be accommodated along steep outward-dipping normal faults, with throws on the faults of the order of the intrusion thickness. This process may result in the formation of sill-induced horsts, and, in the presence of many generations of magma intrusions, contribute to the observed near-axis faulting, and formation of abyssal hills at the fast spreading mid-ocean ridges.
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